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(57) Abstract: A radio device is capable of compensating for nonlin- 
ear distortion of its power amplifier for transmission. The output signal 
from the power amplifier for transmission is fed back to a distributor. 
Using transmission signals and feedback signals, an error signal estima- 
tion circuit estimates the error signals due to the nonlinear distortion of 
the power amplifier. The signals for transmission and the error signals 
are converted by separate D/A converters, respectively. Hie output sig- 
nals from the D/A converters are combined, and the resulting signal is 
input to the power amplifier for transmission. Thus, distortion compen- 
sating is achieved. 
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(54) RADIO DEVICE WITH DISTORTION COMPENSATION 



(57) In a radio apparatus which compensates for 
non-linear distortion of a transmission power amplifier, 
a distributor feeds back the output signal of the trans- 
mission power amplifier, an error-signal estimating arith- 
metic unit digitally estimates an error signal, which is 
ascribable to non-linear distortion of the power amplifier, 



using a transmit signal and feedback signal, the transmit 
signal and the error signal are DA-converted by sepa- 
rate DA converters, and a combiner combines the out- 
put signals of the DA converters and inputs the com- 
bined signal to the transmission power amplifier to per- 
form distortion compensation. 
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Description 

Technical Field 

5 [0001] This invention relates to ajadio apparatus having a function which compensates for non-linear distortion of 
a transmission power amplifier. 

[0002] A power amplifier for amplifying a linear modulated signal used in wireless communications is required to 
have an amplifier with excellent linearity in order to suppress deterioration of transmission characteristics caused by 
spectrum characteristics and signal distortion. On the other hand, it is required in almost all applications that an amplifier 
w deliver a high power efficiently at at! times. In general, linearity arid efficiency of an amplifier are characteristics that 
run counter to each other and a variety of distortion compensation schemes have been proposed in order to reconcile 
the two. 

[0003] The field of next-generation mobile telephone systems (IMT-2000, etc.) based upon W-CDMA is one in which 
the present invention is particularly useful. With W-CDMA, code division multiplexing is used in direct-sequence spread- 
's spectrum modulation and multiple-access for signal modulation. The transmitted signal has a wider band and a higher 
dynamic range in comparison with the narrow-band modulation and time division multiplexing schemes used heretofore 
in existing second-generation mobile telephones (PDC), etc. Accordingly, a power amplifier used in a W-CDMA appa- 
ratus is required to exhibit better linearity and higher efficiency than in the past. 

20 Background Art 

[0004] Fig. 29 is a block diagram illustrating an example of a radio apparatus according to the prior art. A transmit- 
signal generator 1 transmits a serial digital data sequence and a serial/parallel (S/P) converter 2 divides the digital 
data sequence alternately one bit at a time to convert the data to two sequences, namely an in-phase component 

25 signal ("I signal": In-phase component) and a quadrature component signal ( M Q signal": Quadrature component). A DA 
converter 3 converts the I and Q signals to respective ones of analog baseband signals and inputs these to a quadrature 
modulator 4. The latter multiplies the input I and Q signals (the transmit baseband signals) by a reference carrier wave 
and a signal that has been phase-shifted relative to the reference carrier by 90°, respectively, and sums the results of 
multiplication to thereby perform quadrature modulation and output the modulated signal. A frequency converter 5 

30 mixes the quadrature-modulated signal and a local oscillation signal to thereby effect a frequency conversion, and a 
transmission power amplifier 6 power-amplifies the carrier output from the frequency converter 5. The amplified signal 
is released into the atmosphere from an antenna 7. 

[0005] In a transmitting apparatus of this kind, the input/output characteristic of the transmission power amplifier 
develops non-linearity, as indicated by the dashed line in Fig. 30(a). Owing to this non-linear characteristic, non-linear 

35 distortion occurs and the frequency spectrum in the vicinity of transmission frequency f 0 develops rising side lobes as 
indicated by the dashed lines in Fig. 30(b). This leads to leakage and interference between neighboring channels. For 
this reason, various distortion compensating techniques have been proposed, one of which is a predistorter (an dis- 
tortion compensating device). A predistorter adds a characteristic that is the inverse of the distortion of a transmission 
power amplifier onto an input signal in advance, whereby the transmission power amplifier outputs the desired distor- 

-to tion-free signal. 

[0006] Fig. 31 is a block diagram of a radio apparatus having a non-linear distortion compensating function, which 
uses a digital Cartesian scheme, as a prior-art example of a predistorter. Digital data sent from the transmit-signal 
generator 1 is converted to two signal sequences, namely an I signal Vj and a Q signal v q) in the S/P converter 2, and 
these signals enter a predistorter 8. The predistorter 8 reads distortion compensation values AVj(n), Av q (n), which 

^5 correspond to the incut baseband signals Vj, v q , out of distortion compensation tables 8a, 8b, adds these compensation 
values to the signed * h v q and inputs the results to the DA converter 3. The latter converts the entered I signal v- t and 
Q signal v q to analog baseband signals and inputs these signais to the quadrature modulator 4. The latter multiplies 
the input I and Q signals by a reference carrier wave and a signal that has been phase-shifted relative to the reference 
carrier by 90°, respectively, and sums the results of multiplication to thereby perform quadrature modulation and output 

so the modulated signal. The frequency converter 5 mixes the quadrature-modulated signal and a local oscillation signal 
to thereby effect a frequency conversion, and the transmission power amplifier 6 power-amplifies the carrier output 
from the frequency converter 5. The amplified signal is released into the atmosphere from the antenna 7. Part of the 
transmit signal is input to a frequency converter 1 0 via a directional coupler 9, whereby the signal undergoes a frequency 
conversion and is input to a quadrature detector 11 . 

55 [0007] The quadrature detector 1 1 multiplies the input signal by a reference carrier wave and a signal that has been 
phase-shifted relative to the reference carrier by 90°, reproduces baseband signals v'j, v' q on the transmitting side and 
applies these signals to an AD converter 12. The latter converts the applied I and Q signals to digital data and inputs 
the digital data to a distortion compensator 8. At this time a phase shifter 13 applies a phase adjustment in such a 
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manner that the phases of the demodulated baseband signals v;', v q ' will coincide with the phases of the input signals 
v i( v q . The AD demodulator 12 applies an AD conversion to the demodulated baseband signals Vj\ v q ' obtained by 
quadrature detection and inputs the resulting signals to the predistorter 8. The latter compares the demodulated base- 
band signals v,\ v q * and the input baseband signals v |t v q , updates the compensation values in the distortion compen- 

5 sation tables 8a, 8b based upon errors between the signals and stores updated distortion compensation values Av f 
(n+1 ), Av q (n+1) in the memories 8a. 8b. The operation described above is subsequently repeated. 
[0008] With the digital Cartesian scheme described above, predistortion is carried out by obtaining distortion of the 
transmission power amplifier as an error along each axis of a rectangular coordinate system and adding characteristics 
that are the inverse of these errors to the respective axial components. 

io [0009] Fig. 32 is a prior-art example of distortion compensation based upon a feed-forward (FF) scheme. With the 
FF scheme, part of a signal that has been amplified by a main amplifier (transmission power amplifier) 6 is branched 
by a directional coupler 9, and an arithmetic unit 15 calculates the difference between the branched part of the signal 
and a signal obtained by subjecting the input signal to a delay adjustment and level adjustment. The difference signal 
is a non-linear distortion component produced by the main amplifier 6. The difference signal is amplified by a linear 

is auxiliary amplifier 1 6, and a combiner 1 8 combines, 1 80° out of phase, the output of the auxiliary amplifier and a signal 
that is result of delaying the main amplifier output by a delay line 17. As a result, distortion compensation is achieved 
by canceling out the distortion components. 



Problems of the prior art 

20 

[0010] With the conventional predistorter, the signal that has undergone predistortion is required to have a wide 
dynamic range in comparison with the dynamic range of the original signal in order to compensate for amplitude dis- 
tortion of the amplifier (the power transmission amplifier). This means that a higher bit precision is required for the DA 
converter that subjects the predistortion signal to a DA conversion. In the case of a power amplifier used in W-CDMA 

25 in particular, the original signal is a code-multiplexed signal whose amplitude exhibits a large fluctuation and, moreover, 
is a wide-band signal owing to direct-sequence spread-spectrum modulation. With the conventional predistortion 
scheme, therefore, the DA converter requires a high bit precision and, at the same time, a high conversion speed. If 
such requirements are not met, a problem that results is deterioration of the distortion compensation characteristic. 
[001 1 ] Further, in predistortion of a power amplifier used in multicarrier W-CDMA, in which multiple carriers undergo 

30 common amplification, the DA converter is required to have even higher speed and higher bit precision capabilities. 
When application to W-CDMA devices currently developed is considered, a problem encountered is that the perform- 
ance of currently existing DA converters cannot satisfy the requirements of high speed and high bit precision. 
[0012] The aforesaid problems arise not only with regard to DA converters but hold true also for AD converters that 
sample a feedback signal for the purpose of updating distortion compensation coefficients. 

35 [0013] Further, in a radio apparatus having a predistorter that compensates for amplifier distortion as a function of 
input power, the quadrature modulator and quadrature demodulator are implemented by analog circuits. A problem 
encountered is that amplifier-distortion estimation error grows owing to imperfections with these quadrature modulator/ 
demodulators and a satisfactory distortion compensation characteristic is not obtained. 

[0014] With the FF scheme, a problem that arises is that efficiency of the overall distortion compensating device 
40 declines because it is necessary to use a low-efficiency auxiliary amplifier that requires a high degree of linearity and 
because the delay lines and coupler are lossy. 

[0015] Accordingly, an object of the present invention is to provide a radio apparatus that makes it possible to com- 
pensate for distortion of a transmission power amplifier by predistortion even though a DA converter and an AD con- 
verter are not required to have high speed and a high bit precision. 
45 [0016] Another object of the present invention is to provide a radio apparatus using a digital quadrature modulator 
and digital quadrature demodulator to eliminate the imperfections of analog quadrature modulator/demodulators, 
whereby a satisfactory distortion compensation characteristic is obtained. 

[0017] Another object of the present invention is to provide a radio apparatus having a highly efficient distortion 
compensation device without use of an auxiliary amplifier or delay lines. 



so 



Disclosure of the Invention 



[0018] In a radio apparatus according to the present invention, a transmit signal (main signal) and a distortion com- 
ponent (error signal) added onto the main signal are each subjected to a DA conversion independently, after which 
55 the converted signals are combined and input to a transmission power amplifier., If this arrangement is adopted, the 
amplitude of the error signal will be small with respect to the amplitude of a predistortion signal obtained by adding a 
characteristic that is the inverse of amplitude distortion to the main signal. As a result, it is possible to lower the bit 
precision of a DA converter, which outputs onfy the error signal. Further, a DA converter that outputs only the main 
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signal need not have a wide dynamic range and the bit precision of this DA converter an be lowered as well. 
[0019] Further, in a case where compensation is applied to non-linear distortion of a transmission power amplifier 
that amplifies and transmits a multicarrier signal carrying a plurality of transmit signals, a signal obtained by DA-con- 
verting an error signal is combined with a frequency-multiplexed signal obtained by subjecting DA-converted signals 

5 of respective ones of transmit signals to a frequency-shift operation decided by carrier spacing and multiplexing the 
frequency-shifted signals, and the combined signal is input to the transmission power amplifier. If this arrangement is 
adopted, each of the transmit signals and the error signal are DA-converted independently and combined. As a result, 
neither of the DA converters need have a wide dynamic range and, hence, bit precision can be suppressed. 
[0020] In a radio apparatus according to the present invention, predistortion processing, in which distortion compen- 

10 sation coefficients are read out of a distortion compensation coefficient table and a transmit signal is subjected to 
distortion compensation using the distortion compensation coefficients, and coefficient update processing, in which 
the distortion compensation coefficient table is updated using a feedback value (amplifier output signal) that has been 
sampled by an AD converter, are executed separately in terms of time. By thus executing the updating of distortion 
compensation coefficients and predistortion processing separately in terms of time, a real-time feedback loop is not 

15 formed. As a result, sampled values that are continuous in time are not required as values sampled by the AD converter, 
thus making it possible to mitigate the requirement that the AD converter have a high speed. Further, since distortion 
compensation is performed by predistortion processing, there is no need for an auxiliary amplifier and delay lines, 
which were an impediment to an improvement in efficiency with the FF scheme. This makes it possible to raise the 
overall efficiency the transmission power amplifier that undergoes distortion-compensation. 

20 [0021] Further, in a radio apparatus according to the present invention, a wide-band sample-and-hold circuit is pro- 
vided on the input side of an AD converter that samples a feedback value. If such a wide-band sample-and-hold circuit 
is connected to the input of an AD converter and a wide-band signal whose spectrum has spread owing to non-linear 
distortion is sampled by this circuit, then it will be possible to perform an AD conversion at a sampling rate lower than 
the Nyquist rate. In other words, though it is necessary that a sampled band be widened enough (beyond the Nyquist 

25 rate) to enable observation of the distorted signal, the sampling rate (the number of samples per unit time) can be set 
independently of the Nyquist rate and the requirement that the AD converter have a high speed can be mitigated. 
[0022] In a radio apparatus according to the present invention, a quadrature modulator and a quadrature demodulator 
are implemented by digital operations. Adopting a digital quadrature modulator/demodulator makes it possible to reduce 
the error of the quadrature modulator/demodulator to less than t LSB of DA and AD converters. This makes it possible 

30 to eliminate deterioration of distortion compensation characteristics caused by imperfections in a quadrature modulator/ 
demodulator. 

Brief Description of the Drawings 
35 [0023] 

Fig. 1 shows a radio apparatus according to a first embodiment of the present invention; 
Fig. 2 shows an embodiment of an error-signal estimating arithmetic unit (Cartesian scheme); 
Fig. 3 shows an embodiment of an error-signal estimating arithmetic unit (polar-loop scheme); 
40 Fig. 4 shows an embodiment of an error-signal estimating arithmetic unit (scheme based upon an LMS algorithm); 

Fig. 5 shows an embodiment of an error-signal estimating arithmetic unit (example in which a past transmit signal 
value is taken into account); 

Fig. 6 shows a second embodiment for a case where a transmit signal is processed upon being converted to 
quadrature signals (use of analog quadrature modulator/demodulator); 

45 Fig. 7 shows a third embodiment for a case where a transmit signal is processed upon being converted to quad- 

rature signals (use of digital quadrature modulator/demodulator); 
Fig. 8 is a diagram showing the principles of a digital quadrature modulator; 
Fig. 9 is a diagram showing the principles of a digital quadrature demodulator; 
Fig. 10 shows a radio apparatus according to a fourth embodiment of the present invention; 

50 Fig. 1 1 is a diagram showing the structure of an error-signal estimating arithmetic unit that applies a delay adjust- 

ment; 

Fig. 12 shows a radio apparatus according to a fifth embodiment of the present invention; 
Fig. 1 3 is a diagram showing the structure of a radio apparatus according to a sixth embodiment of the present 
invention, this embodiment being for a case where multiple transmit signals are transmitted using a multicarrier 
55 signal; 

Fig. 14 is a diagram useful in describing a frequency conversion; 

Fig. 15 shows a seventh embodiment for a case where a transmit signal is processed upon being converted to 
quadrature signals (use of analog quadrature modulator/demodulator); 
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[0034] Here x t y, f, h. u, e represent complex numbers and * signifies a complex conjugate. The signal u(t) approx- 
imates [(rv^p) . hVi(P) = 1] if it is assumed that amplitude distortion of the amplifier is not very large. 
[0035] By executing the processing set forth above, the distortion compensation coefficient h(p) is updated in ac- 
cordance with Equation (1) so as to minimize the difference eft) between the transmit signal x(t) and the feedback 
5 signal y(t), and the coefficient eventually converges to the optimum distortion compensation coefficient so that com- 
pensation is made for the distortion in the transmission power amplifier. 

[0036] Fig. 5 is a fourth embodiment of the error-signal estimating arithmetic unit. This is an example using an adap- 
tive predistorter, in which components identical with those of the embodiment of Fig. 4 are designated by like reference 
characters. This embodiment differs in that (1) distortion compensation coefficients are stored and updated in the 
w distortion compensation coefficient storage unit 33q in correspondence with combinations of present momentary power 
p _ | x(t j|2 and a function g(x) of present and past inputs, and (2) an arithmetic unit 33x for calculating the function g 
(x) is provided. Fig. 5 illustrates an example in which a difference Ap between present power and previous power is 
taken as the function g(x) [Ap = lx(t)l 2 -lx(t-1)l 2 ]. 

[0037] The predistorter of Fig. 5 treats the amplifier as a distortion transmission path having a memory in order to 
15 compensate for frequency asymmetric distortion of the amplifier and performs predistortion by estimating this distortion 
using the LMS adaptive algorithm and adding a characteristic that is the inverse of this distortion to a transmit signal 
by complex multiplication. In order to compensate for distortion that has been influenced by past input amplitude, 
distortion compensation coefficients are stored and updated as a table regarding the two dimensions of present mo- 
mentary power P = lx(l)l 2 and the function g(x) (= Ap) of present and past inputs. 
20 [0038] The error signal v erT (t) = h-x(t)-x(t) is obtained by subtracting the transmit signal x(t) from the transmit signal 
h„.rx(t), which has undergone distortion compensation, using the adapting predistorter of this embodiment. 

(B) Second Embodiment 

25 [0039] Fig. 6 shows a second embodiment for a case where the transmit signal x(t) is processed upon being converted 
to quadrature signals. Components identical with those of the first embodiment of Fig. 1 are designated by like reference 
characters. The second embodiment differs from the first embodiment in that the transmit signal, error signal and 
feedback signal are calculated in an equivalent baseband system (complex coordinate system). To achieve this, an S/ 
P converter 41 for dividing the transmit signal x(t) alternately one bit at a time to convert the signal to quadrature signals 

30 (| and Q signals), quadrature modulators 42, 43 and a quadrature demodulator 44 are provided. Further, DA converters 
31a, 31b are provided as the DA converter 31 for DA-converting the components of the quadrature signals, DA con- 
verters 37a, 37b are provided as the DA converter 37 for DA-converting the components of the error signal, and AD 
converters 36a, 36b are provided as the AD converter 36 for AD-converting the in-phase and quadrature components 
of the feedback signal. 

35 [0040] The S/P converter 41 converts the transmit signal x(t) to quadrature signals and the DA converters 31 a, 31 b 
convert the quadrature-signal components to analog signals and input the analog signals to the quadrature modulator 
42. The latter generates the main signal S M by applying quadrature modulation to the in-phase component and quad- 
rature component (I and Q signals).input from the DA converters 31 a, 31 b. The combiner 32 combines the main signal 
S M with the error signal S E , which is output from the error-signal estimating arithmetic unit 33, and inputs the combined 

40 signal to the power amplifier (amp) 34, Part of the amplifier output is branched by the distributor 35, such as the 
directional coupler, and enters the quadrature demodulator 44. The latter reconstructs the baseband signals on the 
transmit side by applying quadrature demodulation to the input signal and inputs the I, Q signals to the AD converters 
36a, 36b. These AD converters subject the I, Q signals to an AD conversion and input the results to the error-signal 
estimating arithmetic unit 33 as the feedback signal y(t). 

45 [0041] The error-signal estimating arithmetic unit 33 uses the transmit signal x(t) and the feedback signal y(t) to 
calculate an error signal ascribable to non-linear distortion of the amplifier. The DA converters 37a, 37b subject the in- 
phase component and quadrature component, respectively, of the obtained error signal to a DA conversion and input 
the results to the quadrature modulator 43. The latter generates the error signal S E by applying quadrature modulation 
to the in-phase component and quadrature component (I and Q signals) that enter from the DA converters 37a, 27b. 

so The attenuator 38 adjusts the level of the error signal and then the combiner 32 combines the main signal S M and the 
error signal S E and inputs the combined signal to the amplifier. 

[0042] It should be noted that it is also possible to adopt an arrangement in which the combined signal output from 
the combiner 32 is input to the amplifier 34 after bring frequency-converted to an RF signal (IF -> RF) and the amplifier 
output signal from the distributor 35 is input to the AD converter 36 after being frequency-converted to an IF signal (RF 
55 _» IF). 

[0043] Thus, the amplifier input signal is a signal obtained by adding on a characteristic that is the inverse of the 
non-linear distortion of the amplifier (a signal that has been subjected to predistortion), and therefore a linear amplified 
output signal is obtained at the amplifier output. 
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(C) Third Embodiment 

[0044] Fig. 7 shows a third embodiment for a case where the transmit signal is processed upon being converted to 
quadrature signals. Components identical with those of the first embodiment of Fig. 1 are designated by like reference 

5 characters. The third embodiment differs from the first embodiment in that the transmit signal, error signal and feedback 
signal are calculated in an equivalent baseband system (complex coordinate system), and in that there are provided 
the S/P converter 41 for dividing the transmit signal x(t) alternately one bit at a time to convert the signal to quadrature 
signals (I and Q signals), digital quadrature modulators 45, 46 and a digital quadrature demodulator 47. 
[0045J The S/P converter 41 converts the transmit signal x(t) to quadrature signals, the digital quadrature modulator 

10 45 applies quadrature modulation to the in-phase component and quadrature component (I and Q signals) input from 
the S/P converter, and the DA converter31 generates the main signal S M by converting the digital quadrature-modulated 
signal to an analog signal . The combiner 32 combines the main signal S M with the error signal S E output from the error- 
signal estimating arithmetic unit 33 and inputs the combined signal to the power amplifier (amp) 34. Part of the amplifier 
output is branched by the distributor 35, such as the directional coupler, and enters the digital quadrature demodulator 

15 47. The latter reconstructs the baseband signals on the transmit side by applying quadrature demodulation to the input 
signal and inputs the in-phase component and quadrature component to the error-signal estimating arithmetic unit 33 
as the feedback signal y(t). 

[0046] The error-signal estimating arithmetic unit 33 uses the transmit signal x(t) and the feedback signal y(t) to 

calculate an error signal, ascribable to non-linear distortion of the amplifier. The digital quadrature modulator 46 applies 
20 quadrature modulation to the input in-phase component and quadrature component (I and Q signals), and the DA 

converter 37 generates the error signal S E by converting the digital quadrature-modulated signal (error signal) to an 

analog signal. The attenuator 38 adjusts the level of the error signal and then the combiner 32 combines the main 

signal S M and the error signal S E and inputs the combined signal to the amplifier. 
, [0047] It should be noted that it is. also possible to adopt an arrangement in which the combined signal output from 
25 the combiner 32 is input to the amplifier 34 after bring frequency-converted to an RF signal (IF -» RF) and the amplifier 

output signal from the distributor 35 is input to the AD converter 36 after being frequency-converted to an IF signal (RF 

->IF). 

[0048] Thus, the amplifier input signal is a signal obtained by adding on a characteristic that is the inverse of the 
non-linear distortion of the amplifier (a signal that has been subjected to predistortion), and therefore a linear amplified 

30 output signal is obtained at the amplifier output. 

[0049] Fig. 8 shows an embodiment of a digital quadrature modulator. A sign add-on unit 45a adds a sign onto an 
in-phase component v h and a sign add-on unit 45b adds a sign onto a quadrature component v q . A selector 45c selects 
baseband signals in accordance with the sequence Vj(t), -v q (t+Ts), -Vj(t+2Ts), v q (t+3Ts) (where Ts represents the sam- 
pling period), etc., and inputs the baseband signal to the DA converter 31 . The latter converts the input signal to an 

35 analog signal and outputs the analog signal as the main signal S M . Frequency f IF of the output modulated signal thus 
obtained and sampling frequency (the changeover frequency of the selector) f^^^ of the DA converter 31 are related 
as indicated by the following equation: 

40 f sample= 4Xf IF (2) 

Digital quadrature modulation is thus carried out to generate the modulated signal. 

[0050] Fig. 9 shows an embodiment of a digital quadrature demodulator. A receive IF signal (or RF signal) is sampled 
by the AD converter 36. Quadrature demodulation is performed by selecting the intermediate frequency f, F and f^p^ 
45 so as to satisfy the requirement indicated by the following equation: 

f a am P te = 4x f|F / (4m+1) (3) 

where m represents a natural number. If the in-phase component and quadrature component of a sampled value 
obtained in accordance with the above requirement are v s and v q , respectively, then a selector 47a outputs the input 
signal in accordance with the sequence Vj(t), -v q (t+Ts), -Vj(t+2Ts), v q (t+3Ts), etc. That is, the selector 47a divides the 
output sample sequence into even-numbered and odd-numbered samples, inputs the even-numbered samples to a 
sign reversing unit 47b and inputs the odd-numbered samples to a sign reversing unit 47c, and the sign reversing units 
47b, 47c alternately reverse the signs of their input signals, thereby generating quadrature demodulated results v jt v q . 
Here v h v q are the in-phase and quadrature components, respectively, and are obtained as sample sequences offset 
from each other in terms of sampling time. Accordingly, sample values of the desired timing are found by interpolation 
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and filtering processing. Digital quadrature detection is thus carried out to obtain the equivalent baseband signal (com- 
plex signal). 

(D) Fourth Embodiment 

5 , 

[0051] Fig. 10 is a diagram showing the structure of a fourth embodiment of the present invention, in which compo- 
nents identical with those of the second embodiment of Fig. 6 are designated by like reference characters. The fourth 
embodiment differs from the second embodiment in that sample-and-hold circuits 48a ; 48b for sampling and holding 
the in-phase component and quadrature component output from the quadrature demodulator 44 are provided in front 

10 of the AD converters 36a, 36b. 

[0052J The sampling clock of the AD converters 36a, 36b and a control signal f SH of the sample-and-hold 

circuits 48a, 48b are supplied independently. The sampling band is decided by the pulse width of the control signal 
fsH, which controls the sampling rate of the sample-and-hold circuits 48a, 48b, and the sampling rate (number of 
samples per unit time) is decided by the sampling clock t^^^ of the AD converters. 

15 [0053] The sample sequence obtained is input to the error-signal estimating arithmetic unit 33 as feedback values 
and is used to update the distortion compensation coefficients. As shown in Fig. 1 1 , the error-signal estimating arithmetic 
unit 33 can have a structure that does not require the feedback values to be continuous in time. This makes it possible 
to perform downsampling in which the sampling rate is set to be lower than the Nyquist rate f which is decided by the 
sampling band. It should be noted thai the error-signal estimating arithmetic unit 33 of Fig. 11 is obtained by adding a 

20 delay circuit DLY to the arrangement of Fig. 4. 

[0054] The sample-and-hold circuits 48a, 48b sample and hold the in-phase component and quadrature component, 
which is output from the quadrature demodulator 44, in accordance with the control signal f^, and the AD converters 
36a ( 36b convert the held signals to digital signals in accordance with the sampling ciock t^p^, thereby obtaining the 
feedback values. The sampling timing of the sample-and-hold circuits 48a, 48b is decided by the band characteristic 

25 of the entered distorted signal sampled, and the hold timing is decided by the conversion time necessary to subject 
the held signal to the AD conversion. Further, the rate of the digital signal fed back to the error-signal estimating 
arithmetic unit 33 is a rate made to conform to the AD conversion rate. 

[0055] The error-signal estimating arithmetic unit 33 delays the reference signal (transmit signal) by the delay line 
DLY, thereby obtaining a reference signal whose time corresponds to that of the feedback signal, calculates a distortion 

30 compensation coefficient in accordance with the LMS adaptive algorithm in such a mannerthatthe difference between 
the delayed reference signal and feedback signal will become zero, and stores the above-mentioned distortion com- 
pensation coefficient at an address of the distortion compensation coefficient storage unit 33q indicated by the delayed 
power value, thereby achieving updating. The updating of the distortion compensation coefficient at this time is carried 
out at a rate that conforms to the AD conversion rate. Meanwhile, multiplication (predistortion) of the transmit signal 

35 by the distortion compensation coefficient is performed at the sampling rate of the transmit signal using a distortion 
compensation coefficient that has been stored at an address of the distortion compensation coefficient storage unit 
33q that corresponds to the undelayed transmit signal. More specifically, predistortion and updating of the distortion 
compensation coefficient are executed independently using a dual-port RAM or the like. 

[0056] In accordance with the fourth embodiment, effective feedback values can be sampled under the constraint of 
40 device performance in distortion compensation of W-CDMA : which requires a wide band and large dynamic range, by 
combining, e.g., wide-band sample-and-hold circuits and high-precision AD converters. 



(E) Fifth Embodiment 

45 [0057] Fig. 12 is a diagram showing the structure of a fifth embodiment, in which components identical with those of 
the third embodiment of Fig. 7 are designated by like reference characters. This embodiment differs from the third 
embodiment in that a sample-and-hold circuit 49 for sampling and holding the output signal of the amplifier 34 is provided 
in front of the AD converter 36. 

[0058] The sample-and-hold circuit 49 samples and holds the IF signal {or RF signal) in accordance with the control 
50 signal f^, the AD converter 36 converts the held signal to a digital signal in accordance with the sampling clock f^b, 
and the digital quadrature demodulator 47 applies quadrature demodulation processing to this digital signal digitally 
to generate the in-phase component and quadrature component of the feedback signal, and inputs these signals to 
the error-signal estimating arithmetic unit 33. The relationship between the sampling band and the sampling rate and 
the operation of the error-signal estimating arithmetic unit are similar to those of the fourth embodiment. 
55 [0059] In accordance with the fifth embodiment, effective feedback values can be sampled under the constraint of 
device performance in distortion compensation of W-CDMA : which requires a wide band and large dynamic range, by 
combining, a wide-band sample-and-hold circuit and a high-precision AD converters. 
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(E) Sixth Embodiment 

[0060] Fig. 13 is a diagram showing the structure of a radio apparatus according to a sixth embodiment of the present 
invention, this embodiment being for a case where multiple transmit signals are transmitted using a multicarrier signal. 
5 This illustrates an example for a case where four frequencies are multiplexed and transmitted. Components identical 
with those of the first embodiment are designated by like reference characters. 

[0061] Transmit signals x,(t), x 2 (t), x 3 (t) and x 4 (t) of respective carrier signals are converted to analog signals by 
independent DA converters 51., - 51 4 , respectively, the analog signals are frequency-converted to desired carrier 
frequencies f,, f 2 , f 3 , f 4 by frequency converters 53, - 53 4 after passage through filters 52, - 52 4 [see (a) of Fig. 14], 

10 and the signals are frequency-multiplexed by a combiner 54. 

[0062] The frequency-multiplexed (main signal) S M obtained is combined in the combiner 32 with the error signal S E 
output from the error-signal estimating arithmetic unit 33, and the combined signal is input to the power amplifier (amp) 
34. Part of the amplifier output is branched by the distributor 35, such as the directional coupler, and is frequency- 
converted to a frequency-multiplexed signal of frequencies f,-f 0 , f 2 -f 0 , f3-f 0 * V f o by a frequency converter 55. This 

is signal is AD-converted by the AD converter 36 after passage through a filter 56 and becomes the feedback signal S P . 
[0063] Meanwhile, the digital values of the transmit signals x,(t), x 2 (t), x 3 (t), x 4 (t) are multiplied by export), exp 
(ja^t), export), exp(ju> 4 t) (a> n = 2*^, respectively, by frequency shifters 57 1 - 57 4 , respectively, to effect a frequency 
shift to frequencies f,, f 2 , f 3 , f^ after which these frequencies are frequency-multiplexed by a combiner 58. This digital 
frequency-multiplexed signal is a signal equivalent to the main signal S M obtained by combining the above-mentioned 

20 individual carrier signals in analog fashion. A frequency shifter 59 subsequently multiplies this digital frequency-multi- 
plexed signal by exp(-jo>ot) to effect a conversion to the frequency multiplexed signal of frequencies f 1 -f 0 , f 2 -fo, f3-fo> f*- 
f 0 [see (b) of Fig. 14] and inputs this signal to the error-signal estimating arithmetic unit 33 as a reference signal Sr. 
[0064] An arrangement can also be adopted in which the frequency shifter 59 is deleted and multiplication by exp[j 
((D-j-oiQjt], exp(j(o) 2 -a) 0 )t], oxp[j(u>3-a>6)t], expG(a) 4 -u)o)t] is performed by the frequency .shifters 57, - 57 4 . This holds true 

25 also for embodiments below. Further, in a case where a frequency shift of f 0 is not performed by the frequency converter 
55, the frequency shifter 59 and a frequency converter 61 f described later, will be unnecessary. 
[0065] The error-signal estimating arithmetic unit 33 uses the reference signal S R and the feedback signal S F to 
calculate an error signal ascrrbable to non-linear distortion of the amplifier The DA converter 37 DA-converts the 
obtained error signal and inputs the analog signal to the frequency converter 61 via a filter 60. The frequency converter 

30 61 multiplies the error signal by a signal of frequency f 0 to thereby up-convert the error signal frequency. After the 
signal has its level adjusted by the attenuator it is combined with the main signal. The attenuator 38 adjusts the level 
of the error signai and then the combiner 32 combines the main signal S M and the error signal S E and inputs the 
combined signal to the amplifier. Thus there is obtained a signal that is the result of adding a characteristic that is the 
inverse of the non-linear distortion of the amplifier to the frequency-multiplexed signal (main signal). 

35 

(G) Seventh Embodiment 

[0066] Fig. 15 shows a seventh embodiment for a case where the transmit signals are processed upon being con- 
verted to quadrature signals. Components identical with those of the sixth embodiment of Fig. 13 are designated by 

40 like reference characters. The seventh embodiment differs from the sixth embodiment in that the transmit signals, error 
signal and feedback signal are calculated in an equivalent baseband system (complex coordinate system). To accom- 
plish this, there are provided SIP converters 71 1 - 71 4 for converting the transmit signals x,(t) - x 4 (t) to quadrature 
signals (I and Q signals), quadrature modulators 72, ~ 72 4 , 73 and a quadrature demodulator 74. Further, DA con- 
verters 51„, 51, 2 - 51 41 , 51 42 for DA-converting each of the in-phase and quadrature components of the transmit 

45 signals are provided as the DA converters 51, - 51 4 , DA converters 37a, 37b for DA-converting the in-phase and 
quadrature components of the error signal are provided as the DA converter 37, and the AD converters 36a, 36b for 
AD-converting the in-phase and quadrature components of the feedback signal are provided as the AD converter 36. 
[0067] The S/P converters 71,-714 convert the transmit signals x,(t) ~ x 4 (t) to quadrature signals, and the DA 
converters 51 „ , 51 12 — 51 4 }. 51^ convert the in-phase and quadrature components of each of the quadrature signals 

so to analog signals and input the analog signals to the quadrature modulators 72, — 72 4 . The latter apply quadrature 
modulation to the in-phase and quadrature components (I and Q signals) that enter from the corresponding DA con- 
verters 51 „ , 51 , 2 - 51 41 , 51^, the frequency converters 53, ~ 53 4 up-convert the frequencies of the quadrature- 
modulated signals to the desired carrier frequencies f,, f 2: f 3 , f 4 , and the combiner 54 performs frequency multiplexing 
to generate the main signal S M . 

55 [0068] The combiner 32 combines the main signal S M with the error signal S E output from the error-signal estimating 
arithmetic unit 33 and inputs the combined signal to the power amplifier (amp) 34. The distributor 35 branches part of 
the amplifier output and the frequency converter 55 performs a down-conversion to a frequency-multiplexed signal of 
frequencies f , -f 0 , f 2 -f 0 , f 3 -f 0 . f 4 -f 0 and inputs this signal to the quadrature demodulator 74 via the filter 56. The quadrature 
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demodulator 74 subjects the input signal to quadrature demodulation processing to reccnstaict the baseband signals 
on the transmit side, the I. Q signals are input to the AD converters 36a. 36b and these AD converters subject the I, 
Q signals to an AD conversion and input the results to the error-signal estimating arithmetic unit 33 as the feedback 
signal. 

5 [0069] Meanwhile, quadrature signals obtained by subjecting the transmit signals x t (t), Xgft), ^(t), x 4 (t) to a quad- 
rature conversion are multiplied by expGu> t t), expO^t), export), exp(ju> 4 t) (u> n = 2*f n ). respectively, by the frequency 
shifters 57 1 - 57 4l respectively, to effect a frequency shift to frequencies f 1f f 2 , f 3 , U. after which these frequencies are 
frequency-multiplexed by the combiner 53. The frequency shifter 59 subsequently multiplies this digital frequency- 
multiplexed signal by exp(-ju^t) to effect a conversion to the frequency multiplexed signal of frequencies f r f 0 , f 2 -f 0 . f 3* 

10 fo> V f o and in P uts tnis signal to the error-signal estimating arithmetic unit 33 as the reference signal Sr. 

[0070] The error-signal estimating arithmetic unit 33 uses the reference signal and the feedback signal to calculate 
an error signal ascribable to non-Hneardistortion of the amplifier The DA converters 37a. 37b DA<onvert the in-phase 
and quadrature components of the obtained error signal and input the analog signals to the quadrature modulator 73 
via fitters 60a, 60b. The quadrature modulator 73 subjects the input signals to quadrature modulation and inputs the 

is modulated signal to the frequency converter 61 . The latter multiplies the error signal by the signal of frequency f 0 to 
up-convert the error signal frequency. The attenuator 38 adjusts the level of the error signal and then the combiner 32 
combines the level -adjusted error signal with the main signal and inputs the combined signal to the amplifier. Thus 
there is obtained a frequency-multiplexed signal that is the result of adding on a characteristic that is the inverse of 
the non-linear distortion of the amplifier 



20 



(H) Eighth Embodiment 



[0071] Fig. 16 shows an eighth embodiment for a case where the transmit signals are processed upon being con- 
verted to quadrature signals. Components identical with those of the sixth embodiment of Fig. 13 are designated by 
25 like reference characters/The eighth embodiment differs from the sixth embodiment in that the transmit signals, error 
signal and feedback signal are calculated in an equivalent baseband system (complex coordinate system). The S/P 
converters 7^ - 71 4 are provided and so are digital quadrature modulators 75 1 - 75 4 , 76 and a digital quadrature 
demodulator 77. 

[0072] The S/P converters 71 , - 71 4 convert the transmit signals x,(t) ; x 2 (t), x 3 (t), x 4 (t) to quadrature signals (I and 
30 Q signals), the digital quadrature modulators 75, ~ 75 4 apply digital quadrature modulation to the in-phase and quad- 
rature components (I and Q signals) of each of the quadrature signals, and the DA converters 51 ^ - 51 4 convert the 
digital quadrature-modulated signals to analog signals and input the analog signals to the frequency converters 53 1 
~ 53 4 via the filters. The frequency converters 53 1 ~ 53 4 up-convert the frequencies of the quadrature-modulated 
signals to the desired carrier frequencies f 1f f 2 , f 3 , f 4 and the combiner 54 performs frequency multiplexing to generate 
35 the main signal S M . 

[0073] The combiner 32 combines the main signal S M with the error signal S E output from the error-signal estimating 
arithmetic unit 33 and inputs the combined signal to the power amplifier (amp) 34. The distributor 35 branches part of 
the amplifier output and the frequency converter 55 performs a down-conversion to a frequency-multiplexed signal of 
frequencies f 1 -f 0 , f 2 -f 0 , f 3 -f 0 . Mo a nd in P uts this si 9 nal t0 the AD converter 36 the filter 56. The AD converter 36 converts 
40 the input signal to a digital signal and inputs the digital signal to the digital quadrature demodulator 47. The latter 
subjects the input signal to quadrature demodulation processing to reconstruct the baseband signals on the transmit 
side, and the in-phase and quadrature components are input to the error-signal estimating arithmetic unit 33 as the 
feedback signal. 

[0074] Meanwhile, quadrature signals obtainedby subjecting the transmit signals x^t), x^t), x 3 (t), x 4 (t) to a quad- 
45 rature conversion multiplied by export), exp^t), expfluvjt), exp(ja> 4 t) K= 2*^, respectively, by the frequency 
shifters 57, ~ 57 4 .':espectively, to effect a frequency shift to frequencies f 1 , f 2 , f 3 , f 4 , after which these frequencies are 
frequency-multiplexed by the combiner 58. The frequency shifter 59 subsequently multiplies this digital frequency- 
multiplexed signal by exp(-jcoot) to effect a conversion to the frequency multiplexed signal of frequencies Vf 0 , f 2 -f 0 , V 
f Qi f 4 .f Q and inputs this signal to the error-signal estimating arithmetic unit 33 as the reference signal Sr. 
so [0075] The error-signal estimating arithmetic unit 33 uses the reference signal and the feedback signal to calculate 
an error signal ascribable to non-linear distortion of the amplifier and inputs the in-phase component and quadrature 
component of this signal to the transmit-data processing unit 76. The latter applies quadrature modulation to the input 
in-phase and quadrature components (I and Q signals), and the DA converter 37 converts the digital quadrature- 
modulated signal (error signal) to an analog signal and inputs the modulated signal to the frequency converter 61 via 
55 the fitter 60. The frequency converter 61 multiplies the error signal by the signal of frequency f 0 to up-convert the 
frequency. The attenuator 38 adjusts the level of the error signal and the combiner 32 combines the level-adjusted 
error signal with the main signal and inputs the combined signal to the amplifier. Thus there is obtained a frequency- 
multiplexed signal that is the result of adding on a characteristic that is the inverse of the non-linear distortion of the 
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amplifier. 

(I) Ninth Embodiment 

5 [0076] Fig. 17 is a diagram showing the structure of a ninth embodiment of the present invention, in which components 
identical with those of the seventh embodiment of Fig. 1 5 are designated by like reference characters. This embodiment 
differs from the seventh embodiment in that sample-and-hold circuits 78a. 78b for sampling and holding the tn-phase 
component and quadrature component output from the quadrature demodulator 74 are provided in front of the AD 
converters 36a ; 36b. The operation of the sample-and-hold circuits 78a f 78b, AD converters 36a, 36b and error-signal 

io estimating arithmetic unit 33 is identical with that of the fourth embodiment of Fig. 10 and the same effects are obtained. 

(J) Tenth Embodiment 

[0077] Fig. 1 8 is a diagram showing the structure of a tenth embodiment of the present invention, in which components 
is identical with those of the eighth embodiment of Fig. 16 are designated by like reference characters. This embodiment 
differs from the eighth embodiment in that a sample-and-hold circuit 79 for sampling and holding the output signal of 
the amplifier 34 is provided in front of the AD converter 36. The operation of the sample-and-hold circuit 79, AD converter 
36 and error-signal estimating arithmetic unit 33 is identical with that of the fifth embodiment of Fig. 13 and the same 
effects are obtained. 

20 

(K) 11th Embodiment 

[0078] Fig. 19 is a diagram showing the structure of a radio apparatus according to an 11 th embodiment having a 
function for correcting the amplitude and phase of a reference, signal. Components identical with those of the sixth 

25 embodiment of Fig. 13 are designated by like reference characters. This embodiment differs in that correction circuits 
81 1 - 81 4 are provided instead of the frequency shifters 57 \ ~~ 57 4 to correct the amplitude and phase of the reference 
signal in such a manner that the frequency-multiplexed signal (reference signal), which is output from the combiner 
58, will agree with the main signal S M output from the combiner 54. The correction circuits 81., - 81 4 compare, on a 
per-carrier basis, signals obtained through frequency conversion by the frequency converters 53 1 - 53 4 with signals 

30 obtained through frequency shifting of the transmit baseband signals x^t) - x 4 (t) by digital processing, and exercise 
control in such a manner that the differences between these signals become zero, thereby making the reference signal 
coincide with the main signal. 

[0079] Fig. 20 is a diagram showing the structure of the correction circuit 81 A ; the other correction circuits 81 2 - 81 4 
are similarly constructed. An AD converter 81a converts the frequency-converted signal output from the frequency 

35 converter 53 1 to a digital signal, and a multiplier 81b initially multiplies the transmit signal x n (t) by exp(jcot) to output a 
signal obtained by digitally shifting the frequency of the transmit signal x^t). A comparator 81c detects an amplitude 
difference v d and a phase difference <(> d between these two input signals and obtains an error Av = v d *exp(j<|> d ). An 
averaging circuit 81 d averages the output of the comparator 81c to generate an average error Av^ a complex-con- 
jugate signal output unit 81 e generates a complex-conjugate value Av avr * of the average error Av avr , a multiplier 81 f 

■«? multiplies exp(ja)t) by Av avr *, and a multiplier 81 multiplies the transmit signal x^t) by Av avr * ■ exp(ju>t). By repeating 
the above-described control, the amplitude difference v d and phase difference $ d between the two signals input to the 
comparator 81c will be reduced to zero. 

[0080] Fig. 21 is a diagram showing the structure of a correction circuit applicable to the seventh embodiment of Fig. 

15. Components identical with those of the correction circuit of Fig. 20 are designated by like reference characters. 
45 This circuit differs in that a quadrature demodulator 81 g and AD converters 81 h, 81 i are provided instead of the AD 

converter 81a. The quadrature demodulator 81 g applies quadrature demodulation processing to the output signal of 
the frequency converter 53 1( and the AD converters 81 h, 31 i convert the in -phase and quadrature components output 
from the quadrature demodulator to digital signals and input the digital signals to the comparator 81c. Meanwhile, the 
multiplier 81b outputs a signal obtained by digitally shifting the frequency of the baseband transmit signal x^t). The 
so comparator 81c detects the amplitude difference v d and the phase difference <}> d between these two input signals, and 
the correction circuit subsequently exercises control in such a manner that the difference between these signals be- 
comes zero, in a manner similar to that of Fig. 20. 

[0081] Fig. 22 is a diagram showing the structure of a correction circuit applicable to the eighth embodiment of Fig. 

16. Components identical with those of the correction circuit of Fig. 20 are designated by like reference characters. 
55 This circuit differs in that a digital quadrature demodulator 81 j is provided on the output side of the AD converter 81 a. 

The AD converter 81a converts the output signal of the frequency converter 53^ to a digital signal, and the quadrature 
demodulator 81 j applies quadrature demodulation processing digitally to the output signal of the signal of the AD con- 
verter and inputs the in-phase and quadrature components of the demodulated signal to the comparator 81 . Meanwhile, 
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the multiplier 81 b outputs a signal obtained by digitally shifting the frequency of the baseband transmit signal x^t). The 
comparator 81c detects the amplitude difference v d and the phase difference <> d between these two input signals, and 
the correction circuit subsequently exercises control in such a manner that the difference between these signals be- 
comes zero, in a manner similar to that of Fig. 20. 

(L) 12 th Embodiment 



[0082] Fig. 23 is a diagram showing the structure of a radio apparatus according to an 1 2 th embodiment of the present 
invention, in which components identical with those of the sixth embodiment of Fig. 1 3 are designated by like reference 
10 characters. This embodiment differs in that PLL circuits 84 0 - 84 4s which are synchronized to exp (ju^t), exp (jt^t) - 
exp(ju> 4 t) generated when frequency is shifted digitally, are provided and supply local signals of frequencies f 0 , f, ~ f 4 
used when a frequency conversion is performed in analog fashion. In accordance with the 12 th embodiment, the fre- 
quencies of an analog frequency-multiplexed signal and digital frequency-matched signal can be synchronized, thereby 
making it possible to raise the precision of distortion compensation. 

15 

(M) 13 th Embodiment 

[0083] Fig. 24 is a diagram showing the structure of a radio apparatus according to an 1 3 th embodiment of the present 
invention, in which components identical with those of the sixth embodiment of Fig. 13 are designated by tike reference 

20 characters. This embodiment differs in that DA converters - 85 4 are provided and generate local signals of fre- 
quencies f 0 , f, ~ f 4 by DA-converting export) ~ exp(ja> 4 t) generated when frequency is shifted digitally. In accordance 
with the 13 th embodiment, the frequencies of an analog frequency-multiplexed signal and digital frequency-matched 
signal can be synchronized, thereby making it possible to raise the precision of distortion compensation. It should be 
noted that the local signal of frequency f 0 is generated by the .PLL circuit 84 0 synchronized to expO^t) in accordance 

25 with the 12 th embodiment. 



(N) 14 th Embodiment 

[0084] Fig. 25 is a diagram showing the structure of a radio apparatus according to a 1 4* embodiment of the present 
30 invention. This illustrates an example of a case where four frequencies are multiplexed. Components identical with 
those of the sixth embodiment of Fig. 13 are designated by like reference characters. This embodiment differs from 
the sixth embodiment in that frequency shift processing is applied digitally to the transmit baseband signals x^t), x 2 
(t), x 3 (t) : x 4 (t) and the signals obtained are DA-converted and combined to thereby generate an analog frequency- 
multiplexed signal. . 
35 [0085] The transmit baseband signals x^t), ^{t), x 3 (t), x 4 (t) are subjected to a frequency shift by being multiplied by 
export), export), expOuvjt), exp(ju> 4 t) (o> n = 2itf n ) decided by a desired carrier frequency spacing, after which the 
shifted signals are converted to analog signals by DA converters 51 , ~ 51 4 and the combiner 54 combines the outputs 
of these DA converters to generate an analog frequency-multiplexed signal. 

[0086] The combiner 32 combines the frequency-multiplexed signal (main signal) S M with the error signal S E output 
40 from the error-signal estimating arithmetic unit 33 and inputs the combined signal to the power amplifier (amp) 34. The 
distributor 35 branches part of the amplifier output and the frequency converter 55 multiplies the amplifier output signal 
by the local signal of frequency f 0 to down-convert the frequency and input the resulting signal to the AD converter 36 
via the filter 56. The AD converter 36 AD-converts the input signal and inputs the obtained digital signal to the error- 
signal estimating arithmetic unit 33 as the feedback signal Sp. 
45 [0087] Meanwhile, the combiner 58 generates the digital frequency-multiplexed signal by combining the transmit 
signals x^-expO^t), x 2 (t). export), XaM-expQufct), x 4 (t).expG<o 4 t) output from the digital frequency shifters 57, - 
57 4 . This digital frequency-multiplexed signal is a signal equivalent to the above-mentioned analog frequency-multi- 
plexed signal. The frequency shifter 59 subsequently multiplies the digital frequency-multiplexed signal by exp(-jcoot) 
to down-convert the frequency and input the resulting signal to the error-signal estimating arithmetic unit 33 as the 
so reference signal S R . 

[0088] The error-signal estimating arithmetic unit 33 uses the reference signal S R and the feedback signal S F to 
calculate an error signal ascribable to non-linear distortion of the amplifier. The DA converter 37 DA-converts the 
obtained error signal and inputs the analog signal to the frequency converter 6 1 via the filter 60. The frequency converter 
61 multiplies the error signal by the signal of frequency f 0 to thereby up-convert the error signal frequency. The atten- 
55 uator 38 adjusts the level of the error signal and then the combiner 32 combines the level-adjusted error signal and 
the main signal. As a result, there is obtained a frequency-multiplexed signal that is the result of adding on a charac- 
teristic that is the inverse of the non-linear distortion of the amplifier. 
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(P) 15 th Embodiment 



[0089] Fig. 26 is a diagram showing the structure of a radio apparatus according to a 1 5 th embodiment of the present 
invention. This illustrates an example of a case where four frequencies are multiplexed. Components identical with 
5 those of the sixth embodiment of Fig. 13 are designated by like reference characters. This embodiment differs from 
the sixth embodiment in that an analog frequency multiplexer AFMP is constituted by sampling converters 91 j ~ 91 4( 
digital modulator 92 1 - 92 4 , DA converters 5^ ~ 51 4 and combiner 54 for combining the outputs of these DA con- 
verters. 

[0090] The sampling converters 91 , - 91 4 convert the rates of the transmit baseband signals x^t), x 2 (t). x 3 (t), x 4 (t) 

10 to a sampling rate decided by carrier frequency. More specifically, the conversion is made to a rate that is four times 
that of the IF carrier frequency output. After the rate conversion is carried out r the digital quadrature modulators 92«, 
-~ 92 4 digitally modulate the rate-converted signals on a per-carrier basis and input the modulated signals to the DA 
converters 51 , - 51 4 . The latter DA-convert the modulated signals to analog signals and the combiner 54 combines 
the outputs of the DA converters to generate the analog frequency-multiplexed signal (main signal) S M . 

is [0091 ] The combiner 32 combines the frequency-multiplexed signal (main signal) with an error signal generated by 
means, described below, and inputs the combined signal to the amplifier 34. The distributor 35 branches part of the 
output of amplifier 34 and the frequency converter 55 multiplies the amplifier output signal by the local signal of fre- 
quency f 0 to down-convert the frequency and input the resulting signal to the AD converter 36 via the filter 56. The AD 
converter 36 AD-converts the input signal and inputs the obtained digital signal to the error-signal estimating arithmetic 

20 unit 33 as the feedback signal S F . 

[0092] Meanwhile, the combiner 58 generates the digital frequency-multiplexed signal by combining the transmit 
signals x^t) . expfla^t), X2(t).exp(jo^t) t .X3(t).exp(ia)3t) f x 4 (t).exp(ja> 4 t) output from the digital frequency shifters 57 1 - 
57 4 . This digital frequency-multiplexed signal is a signal equivalent to the above-mentioned analog frequency-multi- 
plexed signal S M . The frequency shifter 59 subsequently multiplies the. digital frequency-multiplexed signal by exp(- 

25 ja>ot) to down-convert the frequency and input the resulting signal to the error-signal estimating arithmetic unit 33 as 
the reference signal S R . 

[0093] The error-signal estimating arithmetic unit 33 uses the reference signal S R and the feedback signal S F to 
calculate an error signal ascribable to non-linear distortion of the amplifier. The DA converter 37 DA-converts the 
obtained error signal and inputs the analog signal to the frequency converter 61 via the filter 60. The frequency converter 

30 61 multiplies the error signal by the signal of frequency f 0 to thereby up-convert the error signal frequency. The atten- 
uator 38 adjusts the level of the error signal and then the combiner 32 combines the level-adjusted error signal and 
the main signal. As a result, there is obtained a frequency-multiplexed signal that is the result of adding on a charac- 
. teristic that is the inverse of the non-linear distortion of the amplifier. 

[0094] Fig. 27 is a diagram showing the principles of a sampling-rate converter. A sampling-rate converter for con- 

35 verting the information rate of a digital signal to a rate multiplied by m/n is constituted by an interpolator 91 a for inserting 
(m-1 )-number of "0"s between input sample signals , a filter 91 b for dealiasing and a decimator 91 c for extracting values 
of the necessary sample timing from the filter-output sample sequence every other n . By virtue of such an m/n sampling 
rate converter, a baseband signal x(t) generated at a sampling rate that is the chip rate or a whole-number multiple of 
the chip rate is converted to a signal having a sampling rate decided by the carrier spacing. 

40 [0095] Fig. 28 shows an embodiment of the sampling-rate converter. The sampling-rate converter is implemented 
by a Fl R filter that changes over the weighting coefficients of filter taps. The FIR filter has a plurality of delay u nits DLY t 
a plurality of coefficient multipliers MPL, an adder ADD and a tap controller TCC for changing over the tap coefficients. 
The operation performed by the FIR filter is indicated by the following equation: 



45 

stop n a 

y(0- 2M"*+(*0«MP]-*) (4) 

km-Ntapi 2 fft 



(n) m - n modulo m 

[a]: largest integer that does not exceed a Here x(i) represents a discrete time signal at the filter input, y(i) a 
discrete time signal at the filter output, and h(k) an impulse response of the dealiasing filter designed based upon 
oversampling by a factor of m and tap length N tap . For example, with regard to a case where m=4, n=3, hold, 
control for changing over the tap coefficients h(k) in the arrangement of Fig. 28 is as indicated below. Tap coefficients 
h(k) are obtained by changing over 32 (= m x N taps) of h(-16) to h(15) in accordance with the result of Equation (2). 
time i=0: h(-16) h(-12) h(-8) h(-4) h(0) h(4) h(8) h(12) 
time h(-13) h(-9) h(-5) h(-1) h(3) h{7) h(11) h(15) 
time i=2: h(-14) h(-10) h(-6) h(-2) h(2) h(6) h(10)h(14) 
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time i=3: h(-15) h(-11) h(-7) h(-3) h(1) h(5) h(9) h(13) 
time i=4: h(-16) h(-12) h(-8) h(-4) h(0) h(4) h(8) h(12) 
time i=5: h(-13) h(-9) h(-5) h(-1) h{3) h(7) h(11) h(15) 

[0096] Conversion to a sampling rate that is multiplied by 4/3 can be implemented by a FIR filter using these tap 
5 coefficients and weighting coefficient. 

[0097] Thus, in accordance with the present invention, it is possible to lower the bit precision of DA converters and 
the conversion speed of AD converters used in compensating for non-linear distortion of a signal having a wide band 
and a large dynamic range. 

[0098] Further, in accordance with the present invention, a predistorter for a W-CDMA multicarrier signal that has 
10 been difficult to realize until now can be implemented with the device capabilities of currently existing D/A and A/D 
converters. 

[0099] Further, in accordance with the present invention, an auxiliary amplifier, delay lines and coupler, etc., that 
were essential for conventional feed-forward distortion compensation schemes are no longer required. This makes it 
possible to improve the overall efficiency of a power amplifier. 



Claims 

1 . A radio apparatus for compensating for non-linear distortion of a transmission power amplifier, characterized by 
20 having; 

a first DA converter for converting a transmit signal to an analog signal and outputting the analog transmit 
signal; 

a transmission power amplifier for amplifying and transmitting the transmit signal; 
25 branching means for branching part of an output signal of said transmission power amplifier; 

an AD converter for converting, to a digital signal, the output signal of the transmission power amplifier 
branched by the branching means or a signal obtained by subjecting this output signal to predetermined 
processing, and outputting the digital signal as a feedback signal; 

an error estimating arithmetic unit for estimating and outputting an error signal, which is ascribable to non- 
30 linear distortion of the amplifier, using the feedback signal and a reference signal, which is the transmit signal; 

a second DA converter for converting said error signal to an analog signal and outputting the analog signal: and 
a combiner for combining, and outputting to the transmission power amplifier, the transmit signal converted 
to the analog signal by the first DA converter and the error signal converted to the analog signal by the second 
DA converter. 

35 

2. A radio apparatus for compensating for non-linear distortion of a transmission power amplifier which amplifies and 
transmits a multicarrier signal for carrying multiple transmit signals, characterized by having: 

a first DA converter for converting each digital transmit signal to an analog transmit baseband signal and 
40 outputting the analog baseband signal; 

an analog frequency multiplexer for subjecting each transmit baseband signal to a frequency-shift operation 

decided by carrier spacing and frequency-multiplexing the frequency-shifted signals; 

a transmission power amplifier for amplifying and transmitting the frequency-multiplexed signal; 

branching means for branching part of an output signal of said transmission power amplifier; 
45 an AD converter for converting, to a digital signal, the output signal of the transmission power amplifier 

branched by the branching means or a signal obtained by subjecting this output signal to predetermined 

processing, and outputting the digital signal as a feedback signal; 

a digital frequency multiplexer for subjecting each digital transmit signal digitally to a frequency-shift operation 
decided by carrier spacing, frequency-multiplexing the frequency-shifted signals and outputting the frequency- 
so multiplexed signal as a reference signal; 

an error estimating arithmetic unit for estimating and outputting an error signal, which is ascribable to non- 
linear distortion of the amplifier, using the reference signal and the feedback signal; 

a second DA converter for converting said error signal to an analog signal and outputting the analog signal; and 
a combiner for combining, and outputting to the transmission power amplifier, the error signal converted to the 
55 analog signal by said DA converter and an output signal of said analog frequency multiplexer. 

3. A radio apparatus according to claim 1 or 2, characterized in that said error estimating arithmetic unit obtains 
error signals by a digital Cartesian scheme in such a manner that a difference between said reference signal and 
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said feedback signal becomes zero, stores said error signals in a memory in correspondence with transmit-signal 
values, reads an error signal that corresponds to a present transmit signal out of the memory and outputs the error 
signal. 

A radio apparatus according to claim 1 or 2, characterized in that said error estimating arithmetic unit transforms 
said reference signal and said feedback signal from a rectangular coordinate system to a polar coordinate system, 
obtains error signals in such a manner that a difference between said reference signal and said feedback signal 
becomes zero in the polar coordinate system, stores the error signals in memory in correspondence with transmit- 
signal values, reads an error signal that corresponds to a present transmit signal out of the memory, transforms 
said error signal from the polar coordinate system to the rectangular coordinate system and outputs the error signal. 

A radio apparatus according to claim 1 or 2, characterized in that said error estimating arithmetic unit obtains 
distortion compensation coefficients by adaptive signal processing using said reference signal and said feedback 
signal, stores said distortion compensation coefficients in a memory in correspondence with transmit-signal power 
values, reads a distortion compensation coefficient corresponding to a power value of a present transmit signal 
out of the memory, multiplies said transmit value by the distortion compensation coefficient and outputs, as an 
error signal, a difference between a transmit signal before multiplication by said distortion compensation coefficient 
and the transmit signal after multiplication by the distortion compensation coefficient. 

A radio apparatus according to claim 1 or 2, characterized in that said error estimating arithmetic unit obtains, 
and stores in a memory, distortion compensation coefficients by adaptive signal processing using said reference 
signal and said feedback signal, reads a distortion compensation coefficient corresponding to a present transmis- 
sion power value and a past transmit-signal value out of the memory, multiplies the present transmit value by the 
distortion compensation coefficient and outputs, as an error signal, a difference between a transmit signal before 
multiplication by said distortion compensation coefficient and the transmit signal after multiplication by the distortion 
compensation coefficient. 

A radio apparatus according to claim 1 , characterized by further having: 

means for converting a transmit signal to a quadrature signal having an in-phase cpmponent and a quadrature 
component; 

DA converters, which construct said first DA converter, for converting the signal components of the quadrature 
signal to respective ones of analog signals; 

a first quadrature modulator, to which the analog signal components output from respective ones of the DA 
converters are input, for subjecting the transmit signal to quadrature modulation; 

a quadrature demodulator for subjecting an output signal of the transmission power amplifier to quadrature 
demodulation processing; 

AD converters, which construct said AD converter, for converting an in-phase component and a quadrature 
component of a quadrature-demodulated signal output from the quadrature modulator to respective ones of 
digital signals; 

DA converters, which construct said second DA converter, for converting an in-phase component and a quad- 
rature component of an error signal output from said error-signal estimating arithmetic unit to respective ones 
of analog signals; and 

a second quadrature modulator, to which the analog signal components output from respective ones of the 
DA converters are input, for subjecting the error signal to quadrature modulation; 

said error-signal estimating arithmetic unit outputting an error signal in such a manner that a difference between 
the in-phase components and a difference between the quadrature components of the quadrature signal before 
distortion compensation and the. quadrature demodulated signal will become zero, and said combiner com- 
bines output signals of the first and second quadrature modulators and inputs the combined signal to the 
transmission power amplifier. 

A radio apparatus according to claim 7, characterized by further having samp le-and-h old circuits provided on an 
input side of respective ones of the AD converters; 

sampling rate of AD conversion and sampling band being set independently. 

A radio apparatus according to claim 1 , characterized by further having: 

means for converting a transmit signal to a quadrature signal having an in-phase component and a quadrature 
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component; 

a first digital quadrature modulator, to which the input signal components are input, for subjecting the transmit 

signal to quadrature modulation and inputting the resulting signal to said first OA converter; 

a digital quadrature demodulator for subjecting an output signal of said AD converter to quadrature demodu- 

5 tation processing; and 

a second digital quadrature modulator, to which an in-phase component and a quadrature component of an 
error signal output from said error-signal estimating arithmetic unit are input, for subjecting said error signal 
to quadrature modulation and inputting the resulting signal to said second DA converter; 
said error-signal estimating arithmetic unit outputting an error signal in such a manner that a difference between 

w the in-phase components and a difference between the quadrature components of the quadrature signal before - 

distortion compensation and the quadrature demodulated signal will become zero. 

10. A radio apparatus according to claim 9, characterized by further having a sample-and-hold circuit provided on 
an input side of the AD converter; 

is sampling rate of AD conversion and sampling band being set independently. 

11. A radio apparatus according to claim 2, characterized by further having: 

means for converting respective ones of transmit signals to quadrature signals each having an in-phase com- 
ponent and a quadrature component; 

DA converters, which construct each of said first DA converters, for converting an in-phase component and 
a quadrature component of a respective quadrature signal to respective ones of analog signals; 
a first quadrature modulator, for each quadrature signal, to which the analog in-phase and quadrature com- 
ponents output from corresponding DA converters are input, for subjecting the transmit signal to quadrature 
modulation; 

a quadrature demodulator for subjecting an output signal of the transmission power amplifier, or a signal ob- 
tained by subjecting said output signal to predetermined processing, to quadrature demodulation processing; 
AD converters, which construct said AD converter, for converting an in-phase component and a quadrature 
component of the quadrature demodulated signal output from the quadrature demodulator to respective ones 
of digital signals; 1 " 

DA converters, which construct said second DA converter, for converting an in-phase component and a quad- 
rature component of an error signal output from said error-signal estimating arithmetic unit to respective ones 
of analog signals; and 

a second quadrature modulator, to which the signal components of the error signal output from said DA con- 
verters are input, for subjecting the error signal to quadrature modulation; - 
said error-signal estimating arithmetic unit outputting an errorsignal in such a mannerthat a difference between 
the in-phase components and a difference between the quadrature components of the quadrature signal before 
distortion compensation and the quadrature demodulated signal will become zero, and said combiner com- 
bines output signals of the first and second quadrature modulators and inputs the combined signal to the 
transmission power amplifier. 

12. A radio apparatus according to claim 11. characterized by further having sample-and-hold circuits provided on 
an input side of respective ones of the AD converters; 

sampling rate of AD conversion and sampling band being set independently. 

45 

13. A radio apparatus according to claim 2, characterized by further having: 

means for converting respective ones of transmit signals to quadrature signals each having an in-phase com- 
ponent and a quadrature component; 
so a first digital quadrature modulator for every quadrature signal, to which digital in-phase and quadrature com- 

ponents are input, for subjecting the transmit signal to quadrature modulation and inputting the resulting signal 
to said first DA converter; 

a digital quadrature demodulator for subjecting an output signal of said AD converter to quadrature demodu- 
lation processing; and 

55 a second digital quadrature modulator, to which an in-phase component and a quadrature component of an 

error signal output from said error-signal estimating arithmetic unit are input, for subjecting said error signal 
to quadrature modulation and inputting the resulting signal to said second DA converter; 
said error-signal estimating arithmetic unit outputting an error signal in such a manner that a difference between 
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the in-phase components and a difference between the quadrature components of the quadrature signal before 
distortion compensation and the quadrature demodulated signal will become zero. 

14. A radio apparatus according to claim 9. characterized by further having a sample-and-hold circuit provided on 
5 an input side of said AD converter; 

sampling rate of AD conversion and sampling band being set independently. 

15. A radio apparatus according to 2, characterized by further having a correction circuit for every transmit signal, 
said correction circuit having an AD converter for converting, to a digital signal, an analog signal obtained by a 

w frequency shift performed by said analog frequency multiplexer, and means for comparing an output of this AD 

converter with a signal obtained by digitally subjecting said transmit signal to the frequency-shift operation, and 
correcting amplitude and phase of the output signal based upon result of the comparison; 

said digital frequency multiplexer combining output signals of respective ones of the correction circuits and 
outputting the combined signal as the reference signal. 

16. A radio apparatus according to claim 11, characterized by further having a correction circuit for every transmit 
signal, said correction circuit having a quadrature demodulator for subjecting an analog signal, which is obtained 
by a frequency shift performed by said analog frequency multiplexer, to quadrature demodulation processing, AD 
converters for converting, to respective ones of digital signals, an in-phase component and a quadrature component 
of a quadrature-demodulated signal from the quadrature demodulator, and means for comparing outputs of these 
AD converters with signals obtained by digitally subjecting said transmit signal to the frequency-shift operation, 
and correcting amplitude and phase of the output signal based upon result of the comparison; 

said digital frequency multiplexer combining output signals of respective ones of the correction circuits and 
outputting the combined signal as the reference signal., 
25 . ' ' ' * 

17. A radio apparatus according to 1 3 ; characterized by further having a correction circuit for every transmit signal, 
said correction circuit having an AD converter for converting, to a digital signal, an analog signal obtained by a 
frequency shift performed by said analog frequency multiplexer, a digital quadrature demodulator for subjecting 
an output signal of this AD converter to quadrature demodulation processing, and means for comparing the quad- 

30 rature-demodulated signal with a signal obtained by digitally subjecting said transmit signal to the frequency-shift 

operation, and correcting amplitude and phase of the output signal based upon result of the comparison; 

said digital frequency multiplexer combining output signals of respective ones of the correction circuits and 
outputting the combined signal as the reference signal. 



35 18. A radio apparatus according to claim 2, characterized by further having PLL circuits, to which are input digital 
frequency signals used to subject the transmit signals to the frequency-shift operation in the digital frequency 
multiplexer, for gene rating carrier frequency signals used in thefrequency shift of said analog frequency multiplexer. 



19. A radio apparatus according to'claim 2, characterized by further having DA converters for DA-converting digital 
frequency signals used to subject the transmit signals to the frequency-shift operation in the digital frequency 
multiplexer, and adopting the analog frequency signals, which are obtained by the DA conversion, as carrier fre- 
quency signals used in the frequency shift of said analog frequency multiplexer. 



20. A radio apparatus for compensating for non-linear distortion of a transmission power amplifier which amplifies and 
transmits a multicarrier signal for carrying multiple transmit signals, characterized by having: 



a frequency shifter for subjecting each digital transmit signal digitally to a frequency-shift operation decided 
by carrier spacing; 

a DA converter for DA-converting each frequency-shifted transmit signal; 
50 an analog frequency multiplexer for frequency-multiplexing outputs of each of the DA converters; 

a transmission power amplifier for amplifying and transmitting a transmit signal; 

branching means for branching part of an output signal of said transmission power amplifier; 

an AD converter for converting, to a digital signal, the output signal of the transmission power amplifier 

branched by said branching means or a signal obtained by subjecting this output signal to predetermined 
55 processing, and outputting the digital signal as a feedback signal; 

a digital frequency multiplexer for digitally combining the frequency-shifted transmit signals and outputting a 

reference signal; 

an error estimating arithmetic unit for estimating and outputting an error signal, which is ascribable to non- 
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linear distortion of the amplifier, using the reference signal and said feedback signal; 
a DA converter for converting said error signal to an analog signal and outputting the analog signal; and 
a combiner for combining, and outputting to the transmission power amplifier, the error signal converted to the 
analog signal by said DA converter and an output signal of said analog frequency multiplexer. 

5 

21 . A radio apparatus for compensating for non-linear distortion of a transmission power amplifier which amplifies and 
transmits a muiticamer signal for carrying multiple transmit signals, characterized by having: 

a sampling-rate converter for converting each digital transmit signal to a digital signal having a sampling rate 
10 decided by carrier spacing; 

a digital quadrature modulator for subjecting an output signal of each sampling-rate converter to quadrature 
modulation; 

a DA converter for converting an output signal of each quadrature modulator to an analog signal; 
first combining means for combining outputs of the DA converters; 

is a transmission power amplifier for amplifying and transmitting a transmit signal; 

branching means for branching part of an output signal of said transmission power amplifier; 
an AD converter for converting, to a digital signal, the output signal of the transmission power amplifier 
branched by said branching means or a signal obtained by subjecting this output signal to predetermined 
processing, and outputting the digital signal as a feedback signal; 

20 a digital frequency multiplexer for performing frequency multiplexing by digitally subjecting each digital transmit 

signal to a frequency-shift operation decided by carrier spacing, and outputting a reference signal; 
an error estimating arithmetic unit for estimating and outputting an error signal, which is ascribable to non- 
linear distortion of the amplifier, using the reference signal and said feedback signal; 
a DA converter for converting said error signal to ari analog signal and outputting the analog signal; and 

25 a second combiner for combining, and outputting to the transmission power amplifier, the error signal converted 

to the analog signal by said DA converter and an output signal of said second combiner. 
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